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ABSTRACT 


HIGH ENERGY PHOTO-EJECTION OF NEUTRON~}PROTON 
PAINS PROM VARIGUS HUCLET 


by 
HEMRY HAMILTON WILSON 


Subaitted to the Department of Physics on May 23, 1955 in 
partial fulfillment of the requirements for the degree of 
Master of Science 


Neutrons have been observed in coincidence with high energy 
photoprotons in this and other laboratories. For a fixed proton 
energy and angle the neutrons detected in coincidence with these 
protons possess an angular distribution about the angle predicted 
for the ejection of the neutron by the kinematics of a gamma ray 
interaction with a deuteron at rest. The neutrone in coincidence 
with photoprotons at angles beyond those expected from the resolution 
of the detectors can arise from initial nucleon momenta. This 
suggested that the shape of these neutron angular distributions 
Could be employed as a mode of studying the average momenta and 
perhaps the momentum distributions of nucleons in different nuclei. 


Curvea were taken for deuterium, lithium, carbon, oxygen, 
aluminum and copper. The deuterium curve was taken as an 
experimental check on the resolution of the equipment. A finite 
angular spread was noted in lithium beyond that due to the 
resolution of the detectors. A marked increase in the anguler 
spread oecurred between lithium and carbon with a slight further 
increase for aluminum and copper. 


A crude theory has been developed for the shape of these 
curves. A three-dimensional gaussian distribution is assumed. It 
was fitted to the lithium data with a 1/e value of approximately 
9 Mev and to carbon and oxygen with a 1/e value of approximtely 
19 Mev, The aluminum and copper do not fit the theoretical shape. 
The poasibility exists that neutrons scattered within the nucleus 
broaden such curves in these nuclei. 


Thesis Supervisor: Bernard T. Feld 
Title: Associate Professor of Phyalcs 
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I. Introduction 


A. Photo-~Nuclear Processes 





The production of photoprotons as a result of the reaction 
of gamma rays with different nuclei haz been studied by many 
investigators*. The types of interactions of gamma rays with nuclei 
by which the photoprotons are produced vary with the energr of the 
gana ray’. in the region of higher photon energies above 
approximately 100 Mev the predominant reaction results in an ejected 
proton which frequently possesses an energy comparable to that of 
the incident gamma ray. The common method of observing these higher 
energy reactions has been to bombard the target muclei with high 
energy x-rays from bremsstrahlung sources. Because the bremsstrahlung 
spectrum falls off rapidly with increesing energy the strong weighting 
of lower energy protons makes interpretation of the observations 
difficult. 

However, numerous observations have resulted in a large 
amount of information om high energy protons from x~rays on various 
targets. Protons of energies between 10 and 70 Mey were studied by 
Levinthal and Silverman? using the 322 Mev Berkeley synchrotron 
yielding a proton energy spectrum which fell off roughly as E7*. 

While the 10 Mev protons were ejected iestropically (probably the teil 
of the evaporation spectra) the 40 Mev protons showed a distinct 
forward peaking in angular distribution. : Walker’ employed a 195 Mev 
x-ray bean from the Cornell synchrotron to observe protons of energies 
greater than about 70 Mev. He observed a forward peaking in the 


angular distribution and a more rapid decrease with energy of about 
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E~? in the integral proton spectrun, Observations of protons up to 
energies of about 200 Mev and over wider ranges of angles and target 
elements were made by Keck’ at Cornell using 300 Mev x-rays. He 
observed the following: the cross section for photoproton ejection 
increased linearly with atomic number; the angular distributions 
peaked more in the forward direction with incressing energy; and the 
proton spectra showed a sharp break in slope at an energy of 
approximately half of the maximum photon energy. 

Levinger® » on the basis of the last feature, developed 
theoretically a model in which the energetic photoprotons result 
from the direct interaction of the photons with neutron-proton 
pairs (i.e. deuteron like sub units) in the nucleus. Purther confir- 
mation for Levinger's model came from the measurements of Rosengren 
and Dudley’ using 322 Mev x-rays from the Berkeley synchrotron, by 
Perry and Keck® who employed a subtraction technique to obtain the 


effect of monochromatic gamma rays, »by Weil and McDaniel” 


using 
monochromatic 190 Mev gamma rays and by Feld et ai* in this laboratory. 

However, other features of the high energy photo-production 
distributions are not nearly as successfully accounted for by the 
quasi-deuteron model of Levinger®. in particular, the obeerved angular 
distributions appeared to be more strongly peaked in the forward 
direction than those predicted by the model. 

Feld et al* observed the angular distribution of protons of 
126, 169 and 203 Mev. The resuits differed from the predictions of 
Levinger's model in the positions of the maxima (if any) and the 


failure to observe a kinematical "cutoff". The quasi-deuteron model 
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would predict promounced maxima between 30 and 60 degrees for the 
energies at which the observations were made. According to Feld et 
ai? the psaka (if any) were well below 30 degrees, It was pointed 
out by Rosengren and Dudley’ that thie does not necessarily contradict 
the quasi-deuteron model as Levinger assumed a sin“O angular 
distribution in the center of mass system for the deuteron photo- 
disintegration. A flatter, or forward peaked deuteron cross section 
(which ia not excluded by the existing data on the photodisintegration 
ef the deuteron!9s41), would be consistent with the observed high 
energy photoproton distributions from heavier nuclei. 

The failure to observe a kinematical "cutoff" in the angular 
distribution can be reconciled with the quasi-deuteron model if the 
distributions of the nucleons within a carbon nucleus contain a very 
large component of nucleons with relatively higher momenta than that 
predicted by the Fermi distribution. 

Amore direct test of the quasi-deuteron model is the observance 
of the simultaneous emission of a neutron and a proton together with 
their angular correlations. Such events have been observed by Myers, 
Odian, Stein and Wattenberg? in this laboratory and by Barton and Smith? 
employing 265 Mev bremsstrahlung from the University of Dlinois 
betatron. Substantial support for the quasi-deuteron model was provided 
by these observations, The neutron-proton coincidences were observed 


to have the kinematical relationships of a deuteron in motion*. 


#For a diseussion of and curves relating to the kinematics of the photo- 
disintegration of the deuteron see Wiener + who used relativistic momentua 


and energy conservation to calculate the energy and angular distributione, 
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The results obtained showed a broader angular distribution 
(for fixed proton energy and angle) af nentrons about the predicted 
angles for heavier nuclei than for deuterium, It 49 manifest that 
this angular distribution can arive from the momenta of the nucleons 
within the nucleus. 

Studies by Wattenberg et al (unpublished) were made in this 
laboratory of the widths of the neutron angular distribution as a 
function of energy of the photoprotons (and therefore of the photo- 
neutron). These studies showed that the widths could be quantitatively 
connected with the internal momentum of the cuasi-deuteron. The 
possibility arose of employing this effect as a tool to study the 
momenta of nucleons within a nucleus. In this connection a discussion 
of previous information on the momenta of nucleone within a nucleus 


is in order. 


B. Momenta of Nucleons in Nuclei 


Huclear internal momenta have been studied by several observers 
employing different techniques; also the application of several 
proposed theoretical momentun distributions to experimental results 
has been attempted. Among the proposed momentwn di stributione are the 
statistical gas model of Fermi? » the Chew-Goldber ger distribution 
and the gaussian distribution. 


Femu?? 


employed a statistical gas model of the nucleus. The 
nucleus is considered to be a gas of neutrons and protons confined to 


a volume Sl = +r Re A. The number of states of 
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momentum, ny less than P. of a wert confined to —SL. is 
5 dit Pe 
n= 2 Seas @ractor 2 is for spin) 


If the degeneracy is complete, an = 23 hence: 
roteu . = 
pr". (39r2)3 4 (#%)* 


Mak 


and N=A.% for the neutrone 


nalig @12)3 h h ( AzB)® 


ax 


Making the approximation that Ze2#hHs 2 =n 

Pras (303 (tege)* 
This corresponds to kinetie energies in the range from 2] to 29 Mev 
depending on the value of R, employed’, This formulation predicts 
that all momentum states are occupied up to this maximum and none 
above it. 

To fit the results of observations by Hadley and York®, 

Chew and Goldberger)® postulated a momentun distribution for carbon: 
i 
Tr? (x4 p2) 
where OC is a momentum corresponding to a nucleon energy of 18 Mev. 

The gaussian distribution 4s propertional to pe Fat 
The gaussian is the same in both momentum and x space. 

The usual and most obvious approach to the study of nuclear 
internal momenta isa by cbservation of an interaction with a single 
nucleon in the nucleus. Results of these interactions are analyzed 
on a kinematic basis and the energy and/or angular spreads obtained 
are ascribed to the initial momentum of the nucleons within the nucleus, 


Also the deviations in threshold energies for @ meson production has 
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been employed to provide infomation on nucleon momenta, 

Hadley and York® employed a beam of 90 Mev neutrons from 
the 184-in. Berkeley synchrocyclotron to produce deuterons from the 
bombardment of target nuclei. In this case the neutron "pisks up" a 
partner proton from the nucleus aid emerges as a deuteron. Since it is 
necessary for the relative momenta of the proton and the neutron to 
form a state of the deuteron, the process involves the momentua 
distribution of both the picked up protean and the deuteron. The 
observed distribution of deuterons for carbon was explained somewhat 
arbitrarily by Chew and Goldberger®®, However, Heidman!? was also 
able to fit an excited Feral gas distribution, with a temperature 
corresponding to an excitation of 9 Mev, to York's data. 

High energy proton-proton scattering experiments have been 
performed by Chamberlain and Segre > Cladis™ and Wilcox” using 
340 Mey protons from the Berkeley 184-in, synchrocyciotron. If the 
struck proton is assumed to be at rest the nonrelativistic energy of 
the observed proton is E, cos“0 (neglecting the binding energy of the 
proton and the excitation energy of the residual nucleus) on the basis 
of the two-body problem where E, is the energy of the incident proton 
and 9 is the angle of observation. Howevar, the energy spectrum is 
sneared out due to the finite momentum of the struck proton. Chamberlain 
and Segre studied pairs of protons emitted in coincidence from 
lithium as a function of the angle between the two protons. The resulting 
data could be fitted with a Fermi gas momentum distribution with a 
maximum energy of 20 Mev, 
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Cledis@! observed the distribution of single protons quaai- 
elastically scattered from carbon at 40 ime. The nuclear internal 
en, he dedused was best fitted by a Gaussian distribution with a 
1/e value of about 16 Mev. | 

Wilcox?" studied by proton-proton coincidencss the momentum of 
the protons emerging from the collisions. He observed coincidences 
from hydrogen, deuterium, beryllium, lithiua and boron. He found the 
best fit to the experimental data for beryllium was a gaussian momentum 
distribution with a 1/e value of 20 Mev. However, any value between 
15 ami 25 Mev would fit the data. Fermi (rectangular) and Chew-Goldberger 
distributions did not fit ae well, An excited Fermi distribution would 
fit within the accuracy of the experiment. He observed qualitative 
differences between lithium, beryllium and boron. Ne interpreted these 
on the basis of the proton distribution in the nucleus. 

The shift in the threshold for meson production from free 
nucleon-nucleon production to nucleon-nucleus production has been used 
to examine nuclear internal momenta, The threshold energy required in 
the nucleon-nucleus reaction is lower than that required by the free 
nucleon-nuclecn reaction by the energy corresponding to the momentum of 
the nucleon in the nucleus as predicted by McMillan and Teller~, Henley 
and Huddle stone“* and Nenley~? have discussed the nucleonic production 
of w mesons in complex nuclei using several momentum distributions, 
The distribution employed affects the production threshold, excitation 
fumthen end the energy spectrum and angular distribution of the 


produced mesons as compared with those resulting from collisions with 
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free nucleons used as targets. Henley found that a gaussian 
distribution with a l/e value of 19.5 Mev was the best fit to the 
data, He also used a O°*K Fermi degenerate gas model distribution 

and a modified Chew-Goldberger distribution. To eliminate the excess 
high momentum components and the infinite average energy in the 
Chew-Goldbsrger distribution he suggested the following modified forn: 


wnere B= 2.5. This has an average energy of 48.1 Mev and yet fits 
York's data fairly well, Block, Passman and Havens®® have performed 
similar calculations for data obtained at the Colwabia cyclotron with 
an energy of 380 Mev, at first finding the best fit given with the 
original Chew-Goldberger distribution, but later“/ they have used a 
@uselan dietribution with a l/e value of 14 Mev. 

Bjorklund, Crandall, Moyer and York" observed high energy 
gamma rays resulting from the bombardment of beryliium and carbon with 
340 Mev protons from the Berkeley synchrocsyclotron 4m looking for 
evidence of the Wr° meson. They obtained a fit to the results on the 
assumption that the center of mass system was moving with B= 0.32. 
if the nucleon had been at rest 6 would have been 0.39. Because. the 
excitation function increases with energy most of the W ¥ ‘production 
cones from nucleons in the target which are moving toward the beam. 
For B = 0.32 the energy of such a proton would be 22 Mev, 

Steinberger and Bishop~’ observed the production of mesons 


from complex nuclei by use of the Berkeley synchrotron brensstrahlung 
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spectrun, The meson energy and direction of production are broadened 
from that predicted (by a Comptonlike process) because of the 
bremsstrahlung spectrum and internal momentum distributions. Lax and 
Peshback° interpreted their results and found agreement with the 
Chew-Goldberger dietribution. — 

It should be pointed out that it is difficult within the 
errors of an experiment to say which momentum distribution really fits 
best, and even when the type of dietribution is decided upon its 
constants are equally difficult to determine (e.g. Wileox”*, while 
he chooses 20 Mev for the 1/e value of the gaussian momentum distribution 
of beryllium, ho finds any value from 15 to 25 Mev a satisfactory fit 
to the data). Table I contains a brief suwanary of investigations devoted 
primarily to nuclear internal momenta. The last columm lists the 
distributions fitted (if any) to their results. 
| It ie to be noted that the previous experimenters (except 
Wilcox”) have studied momentum distributions in a single nucleus. 

From the above work it appeared worthwhile as a first experiment to 
investigate whether or not nucleon momenta are the same in different 
nuclei, From the work of others it appears more difficult to obtain 
reliable detailed momentum distributions, and there is essentially no 
information on whether the momentum distributions obtained were specific 
to the element being studied. 

This thesis describes the use of the cquasi-deuteron for an exp- 
erimental study of relative internal momenta. As such the experimental 


techniques and observations-are refinements and extensions to more angles 
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TABLE I 


Summary of Other Investigations of Nucleon Momente 





Distribution Applied 
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and more nuclei of the previous works in this Laboratory*»12, As a 
part of this work it has been necessary to understand the efficiency 
and angular resolution of the neutron detector employed. This 

phase of the work has been described separately by Christie, 
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II. Experimental Equipment 


A, Accelerator and Monitor 
This experiment was performed with 2 340 Mey bremsstrahlung 


beam from the M.I.T. synchrotron, The synchrotron has a rey tition 
rate of six pulses per second. During each pulse the heam has a 
duration of about 1200 microseconds. 

The monitor employed was of the lonization chamber type. 
For a description of the calibration of this monitor see Odian?2 
and Rata?> . The unit of measure of the monitor was referred to as 
a "mouse", In this experiment the "mouse" corresponded to about 
0.6 x 10° "equivalent quanta". The number of “equivalent quanta" 
is the total energy in a photon beam divided by the maximum photon 
energy. 

The general arrangement of the experimental equipment is 
shown in Figuvre 1. The varieus components a described below, 


B. Counter Telescopes 


The method of proton detection employed was of essentially 
the same type employed in previous investigations in this laborator ," 
A two crystal scintillation counter was employed to detect a fairly 
monoenergetic group of protons and to distinguish them from other 
charged particles by means of pulse height observation. The crystals 
employed were of Pilot "B" plastic. The front crystal was 4 inch thick 
and the back crystal was 2 inches thick. Both crystals were 5 inches 


in diameter and were mounted in a Lucite frame as shown in Pigure 2. 
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End window (5819) photomultipliers were placed in optical contact with 
the Lucite frame at a distance of 4 inches from the crystal edge in 
order to increase the uniformity of the light collection from the 
crystal. A 0.375 inch brass abeorber was placed in front of the front 
erystal in order to obtain the proper energy group and pulse height 
relationship in the back crystal. This arrangement corresponded to 
observing protons with energies from 117 to 142 Mev. Two brass 
collimators of four inches diameter were also inserted in the telescope. 
The arrangement of these components may be seen in Figure 1. The 
energies observed correspond to the peak of the back crystal pulse 
height curve as shown in Figure 3. For a complete description of the 
ealibration of AE for this counter see Odian?@, 

The neutron counter consisted of an annealed Lucite cylinder 
four inches in diameter and 12 inches long as shown in Figure 4. It 
was filled with a scintillating liquid composed of cyclohexylbenzene 
with 30 grams of p-terphenyl per liter added. A 5819 photomultiplier 
tube viewed it from the rear. The side was surrounded by a lead 
cylinder 1-1/8 inches thick. The face of the counter was behind a two 
inch lead disk to reduce the entrance of gamma rays and charged 
particles, A complete description and evaluation of this counter has 
been fumished by Christie’. 


C. Electronics 
A block diagram of the electronics is shown in Figure 5. Four 


amplifier channels were employed. Discriminators and attenuators were 
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Figure 3 
Pulse Height versus Proten Energy Curves for Proton Telescope Crystale 
The protons detected corresponded to pulse heights on the back (second) 


counter above the bias level indicated. Third counter was not used 
in this experiment. 
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Figure 5 
Electronics Block Diagram 
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employed on the amplifiers to select the pulse height to be observed. 
The chamels for the front and back crystals of the proton telescope are 
connected through a (two-fold) coincidence circuit to give the proton 
count. The neutron signals were sent to the regular neutron channel 
(Neutrons, ) and also through a 56 meter (0.3 microsecond) RG-63/U 

cable to another amplifier channel (Neutrone, 7) for measuring the 
accidental counting rate, Each of these neutron channels was connected 
to a separate triple coincidence circuit with the front and back crystals 
of the proton counter. This arrangement gave the total neutron-proton 
coincidence rate and simultaneously the accidental neutron-proton 
coincidence rate. As a check two scalers were employed on the proton 
and the neutron-proton coincidence channels. The resolving time, 

ant, ef the coincidence circuits was about 0.17 microseconds. 


D. Targets 
The targets employed in this work were water, heavy water, 


lithium, carbon, aluminum and copper. A description of the targets 
is found in Table II. It was desired to have targets of exactly the 
same energy loss for 130 Mev protons (4.e. AE = 20 Mev). However, 
time limitations compelled the use of the targets at hand with the result 
that this condition was not always realized. The energy losses for 
targets perpendicular to the proton counter are listed in column 5 
of table IT, 
A special lithium metal target was cast in a dry box under 


a helium atmosphere. Due to uneven contraction on cooling it had to 
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TABLE IT 


Target Data 





‘Target | Energy | 


| Substance hickness fLoss(A£) Target Angie 
| for 130 | | cali 
m/em fev pro~|,, ’ 





Heavy Water 
Aluminum 


Copper 


*Q@ is the neutron counter angle at which the target angle is 
shifted. 
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be machined to a thickness thinner than that anticipated in order to 
obtain a uniform surface, It wae wrapped in thin aluminum foil, amd 
the seams were dipped in paraffin. 

The heavy water and light water targete were in thin walled 
plastic cells. Unfortunately the tension was different in the walle 
of the two cells. This led to the H,0 cell being 2 percent thicker 
than the D,0 cell. The other samples were bare metal plates. All 
targets were larger than the bean. 

In general targets were set at about 140 degrees to the beam. 
In order to keep the neutron scattering negligible in the target, the 
target angle was shifted to about 40 degrees when the neutron counter 
was at angles larger than about 100 degrees. 

As pointed out in Christie's?/ analysis of the deuterium data, 
the finite alze of the target adds to the angular resolution associated 
with the geometry. It was desired to keep the angular resolution the 
same for the various elements. A graphical analysia was mace of the 
projection (on a perpendicular to the axis of the proton telescope) 
of the bean's intersection with the target. This was a function of the 
thickness of the target. The criterion chosen was that the proton 
telescope should observe a three inch projection of the portion of 
the target in the beam. 

The angles used for the various targets are listed in the 
last columns of Table IJ. The sixth column liste the neutron counter 
angle at which the target angle was shifted. These angles were set 
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III Experimental Procedure 


A, Standards 

Redioactive sources were employed as standards in order to 
minimize drift of the hizh voltage supplies and other electronic 
components, On the proton telescops the brass absorber was removed 
and the 500 microcurie radium source was suspended at the center of 
the target side of the front collimator opaning. The counting rates 
of both the front and back crystals were observed, The neutron counter 
was standerdized by inserting a 2 microcurie cobalt-60 source inside 
the cylindrical lead shield to the mid-point of the counter, and 
pending the counting rate on the normal neutron channel (Neutronsy). 
Adjustments were made by varying the high voltage on the photomultiplier 
tubes, All discriminator bias settings on the amplifiers were fixed 
with a potentiometer. Voltage readings were made with an electrostatic 
voltmeter. 





As previously mentioned an evaluation of the number of 
accidental neutron-proton coincidences was made by employing 4a delayed 
neutron channel in coincidence with the front and back channels of 
the proton counter. The delayed neutron channel (Neutrons;y) Was 
generally run at a lower bias and hence higher counting rate than the 
normal neutron channel (Neutrons; ) to obtain better statistics. The 


accidental neutron-proton counts were normalized to the normal neutron 
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proton counts by the following proportion: 
(NatP) nor mal ‘red a Nz 


NatP Nx 
The normalized accidental counts were then —_— oo from the total 
neutron~-proton counts to give the true number of natn 


coincidences for the run. 


C. Kinematics 
Employing relativistic momentum and energy conservation the 


proton counter energy and angle were set so as to make the proton 

angle 90 degrees in the center of mass coordinates of the deuteron+, 
For 130 Mev protons this angle in the laboratory was 76 degrees. This 
meant the neutron angle in center of mass coordinates was 90 degrees 
with the consequence that it would also be 76 degrees in the laboratory. 
However, due to the finite size of the target am orientation relative 
to the two counters the peak of the neutron angular distribution should 
oceur at a slightly larger angle as shown by Christie, The observed 
peak of the neutron angular distribution occurred at 78 degrees in the 


laboratory coordinates. 


D, Description of Runs 
Runs were normally made first at a (protractor) setting of 78 


degrees for the neutron counter. This was followed by a run on either 
side for the “wings” of the neutron angular distribution, and then by 
runs at ten degree increments to establish the shape of the distribution, 


One or more subsequent runs were made at 76 degrees as a check on 
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operations. Runs were made for the equivalent of 2000 normal "mice™, 


*Due to different collimations of the bremsstrahlung beam ths absolute 
value of the "mouse" was changed several times (see description of 
moniter in Section IIA). It should be pointed out that the proton 
count and not the number of “mice” was used as the normalizing factor 
for plotting data. 
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IV. Analysis of Data 


A. Reduction of Raw Data 
A typical set of readings is shown in Table III to illustrate 

the information recorded in each run. Each count reading was divided 
by the number of "mice“* as a check on reproducibility. Summary tables 
of the data for each element were made up. The more important parts 
of these are reproduced in Tables IVa through IVf. These tables show 
the actual total counts observed and are not normalized for the number 
of "mice" in each run. The last. column of each table gives the corrected 
coincidence counts divided by the proton count. Ideally the proton 
count should have been a constant. By dividing by the proton rate, we 
are correcting for the necessary changes in target position, drifts in 
the proton counter, drifts in the machine energy and intensity, errors 
in the placement of the target, errors in the monitoring system and 
variations in the number of “mice” per run. The values of the “+ 
ratios were generally almost always reproducible within statistics 
when the points were rerun. 
B, Deuterium 

. The neutron-proton coincidences in heavy water are assumed 
to be due to both the deuterium and the oxygen while those from light 
water are due only to the oxygen. A subtraction performed according to 
the following formula gave the desired values for deuterium: 

OP) 5 0 — 0.98 (NP) 0 


Pave Doo — 0.98 Pave HO 


*See Section IIID. 
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TABLE XII 


Samples of Data Recorded During Runs 
| 


Proton Conte” Neutron Clicks” feutron-Proton Cotnotden Coincidence Counts” 
Sealer II Normal mee) so - 3B Delayed 
Pry) ee CO: if eal 


Mice Target 














¢ 61° 

61 _ 

8 

s/mouse 0.0053 

C 61? 

: 61. 
9 

ts/mouse 

0.003 

1500 a4 61” 

£1. 

. 4, 
Couhts/mouse 0.0027 

err EEE SS a SS Bae TS eee eee ee 

3000 C 6° 

0.002 








See Section III D 
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TABLE IVa 


Summary of Heavy ater Data 





@ Corrected Neutron-Proton Coincidences = (Ni, P - (NrzP 7 
* Rit 


4 


Corrected 
# Normalized corrected neutron-proton coincidences & P; Coincidences 


* Combination of runs above at same angle 


Taken with proton counter at 76. 5 degrees and with proton 
energy of 130, 12 Mev. 


See Table IT for data on Target 
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TABLE IVb 


Summary of Lithium Data 


‘Neutron - Proton Coincidences | 





@ Corrected Neutron-Proton Coincidences = (HP) - (Ny# p) Nr 


Nyx 
# Normalized corrected neutron-proton coincidences =] , Corrected 
Py X Coineddences 


* Combination of runs above at same angle 


Taken with proton counter at 764 5 degrees and with proton 
energy of 1304 12 Mev. 


See Table II for deta on Target 
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TABLE IVe 


] 


Summary of Carbon Data 





Neutron Proton Neutron ~- Proton Coines.dences 
Counter Counts | : it. 


Angle | (P+) Corrected@ | Normalized” 
(Oy) = | Corrected | 








@ Corrected Neutron-Proton Coincidences = (N+P) -— (Nyy P) SE 


#Normalized corrected neutron-proten coincidences = 1 
—s- X Corrected 


Coincidences 
Combination of rungs above at same angle 


Taken with proton counter at 76 + 5 degrees and with proton 
energy of 130 + 12 Mev. 


See Table II for data on Target 
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TABLE I¥d 
Summary of Light Water (Oxygen) Data 


Neutron - Proton Coineidenees 


[Fett Forrected® formalized 
32 


a 
16 6+7 
25 + 5 





® Corrected Neutron-Proton Coincidences = (Nf) - (Nyy ) Nr 


Nyy 
# Normalized corrected neutron-proten coineidences = 1 x Corrected 
p. ~*~ Coincidences 


Taken with proten counter at 764 5 degrees and with proton 
energy of 1304 12 Mev. 


See Table II for data on Target 
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TABLE IVe 
Sumamry of Aluminum Data 









Counts Neutron - Protcn Coincidences 
(Pp) | Pash [Corrected |wormantzs 





13963 
V4135 
28098 
| 12620 
12646 
25264 
12717 | Li, 
12975 12 
12556 9 


L569 £266 
9+ 3 

703 42.9 
Ded + 2.7 


88 
88 
BS 
98 
98 
496 
108 
118 


t~ 
nN 
@ 





@ Corrected Neutron-Proton Coincidences = (NtP) — 0.005 Ny 


# Normalized corrected neutron-proton coincidences = : 
, 4 x Ronee, 
*Combination of runs above at same angle 


Taken with proton counter at 76 + 5 degrees and with proton 
energy of 130 4 12 Mev. 


See Table II for data on Target 
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TARLE Ivf 
Summary of Copper Data 


Neutron - Proton Coincidences 


tReet | orrested® forested 





-) 9 45 
7.5 4 2.9 
1343 
yk 
psy 3 
1k k 
oe 
709 4.207 
18 43 
10.5 42.9 
3.9 41.8 
0.7 40.9 
3.1 41.9 


® Corrected Neutron-Proton Coincidences = (N P) - (Hey Pp) Nz 


! 
Bry 
@ Normalized corrected neutron-proton coincidences =_1 y Corrected 

Py Coincidences 
* Combination of runs above et same angle 


Taken with proten counter at 76 4° degrees and with proton 
energy of 130 412 Mev. 


See Table II for data on Target 
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The factor 0.98 cappeunated for the different target thicknesses 
explained in Section II D. The reduction of data according to the 
above forma is illustrated in Table V. The denominator is an 
approximately 20 percent difference between the two proton rates. 
The denominator was obtained by averaging the proton rates at all 
angles. Despite this the error in the denominator for deuterium stiil 
was comaeneurate with the errors in the numerator at the various angles, 
As the H20 curve was fairly flat in the region of interest 
for deuterium previous experience had shown it was not neceesary to 
run H90 at every angie for the information desired in this experiment. 
Consequently, as all that was desired of the deuterium curve was to 
check the resolution of the geometry enployed in these measurements 
the Hj0 target waa run only at 68, 78 and 88 degrees. The remaining 
data was filled in from two previously determined oxygen curves with 
almost identical geometries. 


C. Resolution of Equipment 
If the target had been infinitesimal in size the finite size 


of the proton counter and the neutron counter would have given a 
triangular resolution curve of atout 10 degrees width at half height. 
The peak height from deuterium obtained in this case would have been 
the efficiency of the neutron counter ( — ‘ Christie-+ has shown 
that the finite size of the target spreads out the resolution of the 
detecting system to about 14 degrees. The peak height is also 


decreased by the target size. 
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The angular reaolution of the detecting system introduced 
errors in the counting rates at O, that are estimated to be less than 
three percent for all elomente except lithium. In the case of lithium 
the error is estimated to be less than six percent. In calewlating 
the results the finite resolution of the detecting system has been 
neglected. A more exact analysis should be made if a better theory 


ise develeped for the curve shapes, (See appendix I} 


D, Reliability of the Data 


The statistical spread in the data is large and is indicated 
on figures 6 through 11. As the process occurs more frequently in 
light nuclei (per gram of target) the counting rates were higher in 
the light nuclei and better statistics could be obtained. The statistical 
spread includes that associated with the subtraction of the accidental 
count. The accidental. counting rate is an appreciable correction for 
the heavier elements especially at smaller neutron angles, In all 
elements except aluminum it seemed to be predictable on the basis of 
the resolving ti me of the equipment. In the case of aluminua the 
observed accidental rates were higher than the calculated values. When 
the aluminum data was corrected for the observed rate it was obvious 
that some failure had occurred in the circuit. For aluminum the 
calculated accidental rate as corroborated by the measuremente on other 
elements was used, 

The question of whether the curves go to zero at large angles 


from the center of the distribution or whether there is a constant 
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(scattered) neutron background is very important in interpreting the 
results. For the light nuclei the curves were definitely observed to 
go to zero. However, in heavier nuclei (aluminum and copper) the 
accidental rate and poor statistics leave this question unresolved. 
Much longer runs and faster electronics circuitry than those employed 
would be needed to resolve this problem, 

In that the ratios of ~4. were used in obtaining the widths 
of curves, the measurements were self monitoring, Very conveniently 
such a ratio removes errors that would arise from fluctuations or drifts 
in the proton detecting system, the machine's intensity, and the 
machine's energy. The only drift or fluctuation not taken care of by 
this ratio are those arising in the neutron detecting system. Studies 
of the neutron detector by Christie?! indicated that it waa not a 
rapidly varying function of the bias where it was run. The mixing of 
the order of running the different angles of the neutron counter should 
have removed any systematic errors in the shape of the curve that would 
have arisen from instrumental errors. 

Electronic failures were not sources of errors due to the 
double scalers on the important counting rates and the frequent checking 
of standards. 

In sumuary, the main sources of errors arising in the shapes of 
the curves are those associated with the accidental counting rates and 


counting statistics. 
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¥V. Results 


A. ter i 

The angular distribution of neutrons in coincidence with 
protons fran deuterium is shown in Figure 6 which plots the (subtracted) 
neutron=-proton coincidences from deuterium normalized to the (sudtracted) 
proton count of deuterium as the ordinate versus the angle of the 
neutron counter as the abscissa, These values are for a proton counter 
angle of 76 + 5 degrees and a proton energy of 130 + 12 Mev and are 
tabulated in the first and last columns of Table V. The deuterium curve 
is an experimental cheek on the angular and energy resolution of the 
telescopes ag the deuteron in deuterium may be assumed at rest at the 
energies involved in thie exveriment. The full width at half height is 
14 degrees which agrees with the value calculated from kinematics and 
the experimental arrangement>-. This distribution went to zero on either 
side of its center. 
B. Lithium 

The angular distribution of neutrons in coincidence with protons 
from lithium is shown in Figure 7 which plots the neutron-proton 
coincidences from lithium normalized to the proton count from lithium 
as the ordinate versus the angle of the neutron counter as the abscissa. 
These values are tabulated in the first and last columns of Table IV b. 
A broadening of the width at half height to 30 degrees is noted. Here 


a true angular spread in the neutron distribution ie seen which is 
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Figure 6 
Neutron-Proton Coincidences from Deuterium 


This is a plot of (subtracted) neutron-proton 

coincidences from deuterium normalized to the 

(subtracted) proton count from deuterium times 
LO” versus the angle of the neutron counter. 
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Figure 7 
Neutron-Proton Coincidences from Lithi wa 


This is a plot of neutron=-proton coinci- 
dences from lithium normalized to the 
proton count from lithium times 104 versus 
the angle of the neutron counter. 
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attributed to the presence of a finite momentum distribution within 
the nucleus for this type of experiment. This curve is in close 
agreement with that obtained by Barton and Smith», ‘The lithium curve 


went to zero on both sides of the distribution. 


C. Carbon 

The angular distribution of neutrons in coincidence with 
protons from carbon is shown in Figure 8 which is the same type of 
plot as Figure 7 with the values obtained from the first and last 
colums of Table IVc. A further broadening of the half width to 41 
degrees is noted indicating 4 greater spread in the momentum distribution 
over that found in lithium. Sufficient data was not taken at large 
angles from the center of the distribution to ascertain if the curve 


went to zero, 


D, Oxygen 

Only the amount of light water data (hence oxygen data in 
neutron-proton scattering by gamma rays) required for the Dae - E50 
subtraction for deuterium was taken during this work. However, the 
curve shown in Figure 9 which is a similer plot to Pigure 7 was made 
up partly of data from previous work in this laboratory (published? 4 
and unpublished). The values plotted from this work are found in 
the first and last. columns of Table IVd. Here the width at half height 
4s 36 degrees which is not significantly different from that of carbon. 
The data has not been normalized in any way. This shows the reproduci- 


bility of such measurements over a period of six months. It should also 
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Figure & 
Neutron-Proton Coincidences from Carbon 


This is a plot of neutron-proton coinci- 
dences from carbon normalized to the 
proton count from carbon times 104 versus 
the angle of the neutron counter. 
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Figure 9 
Neutron-Proton Coincidences from Oxygen 


This 4s a plot ef neutron-proton coinci- 
dences from oxygen normalized to the 
proton count from oxygen times 104 versue 
the angle of the neutron counter, 
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be noted that the statistical errors are larger than those in the other 
elements. The curve was carried to low enough angles to ascertain that 


4t went to zero. 


E. Aluminum 
The angular distribution of neutrons in coincidence with 


protons from aluminum is shown in Figure 10 which is a similar plot 

to Figure 7 with the values obtained from the first and last columns of 
Tahle IVe. An apparent error* was introduced into the aluminum data 
due to lowering the bias on the delayed neutron channel too far 
resulting in an erroneous accidental counting rate. Thies was corrected 
by using an average accidental counting rate based on the normal 
neutron counting rate as shown in Table IVe. Insufficient data was 
obtained to determine whether this curve went to zero on elther side 

of the distribution. 


F. Copper 
The angular distribution of neutrons in coincidence with protons 


from copper is shown in Figure 11 which ie a similar plot to Figure 7 
with the values obtained from the first and last columns of Table IVf. 
Here the width at half height is 49 degrees which is not significantly 
different from that of aluminum, The statistical error in the data made 
it uncertain whether the curve goes to sero on either side of the 
distribution. 


*See Section IVC 
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Figure 10 
KReutron-Proton Coincidences from Aluminum 


This ig a plot of neutron-proton coincidences 
from aluminum normalized to the proton count 
from aluminum times 10° versus the angle of 
the neutron counter, 
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Figure 11 
Neutron=Proton Coincidences from Copper 


This is a plot of neutron-proton coineie 
dences from copper normalized to the 
proton count from copper times 10% ver sus 
the angle of the neutron counter, 
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VI. Conclusions 


The purpose of this work was to employ the quasi-deuteron 
model of Levinger® as a mode of studying nuclear internal momenta, 
As an incidental result the quasi-deuteron model was substantially 
established with better data on more elements, 

The detection of an angular spread in lithium beyond that 
due to the resolution of the detectors indicated the presence of a 
finite momentun distribution. A marked increase in the spread of the 
distribution occurred between lithium and carbon indicating an increase 
in the average momentum of the nucleons. However, the increase in the 
spread from carbon to aluminum and copper was slight. This does not 
necessarily indicate an increase in the average momentum since this 
slight increase could well be attributed to scattering of the neutrons 
within the nucleus. 

A first approximation to a quantative explanation of the shape 
of the angular distributions obtained has been derived by Wattenberg 
(see Appendix I), It is based on the assumptions that the nucleons in 
the nucleus have a three-dimensional gaussian momentum distribution, that 
neutrons and protons have the same mmentum distributions, that it is 
possible to combines mommta and neglect the conservation of energy, and 
that the scattering of nucleons inside the nucleus can be neglected. The 
last assumption caases the calculated distribution to become less reliable 
with increasing atomic number as the effect of scattering becomes more 


pronounced with increasing nuclear dimensions. 
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s 
With the above assumptions and neglecting the finite resolution 
of the detectors the curve would have a distribution about the midpoint 


given by 


_ sin 
N(¥)ain¥ d¥= Noe 57% (gin? be cost #) sin Yd Y 


where is the angle from the midpoint of the distribution (78 degrees) 
2%. 2&s 
and sin %= E, whe re Ey is the energy of the proton in the laboratory 
and ue is the l1/e value of the initial gaueslan distribution of the 
momenta of the nucleone in the nucleus. The term sin? te can generally 
= 
be neglected as being of the order of 0.1 
carnetd ences 
Figure 12 shows a semilogarithmic plot of ego 
VS sin*} which should give a straight line on semilogarithmic paper within 
the accuracy of the experiment and the theory. Only lithiua, carbon and 
coitcidences 
oxygen are shown as the heavier elements possessed a rise in Cost? 
at larger ‘| . The rise at large { in the heavier elements can be 
attributed to the incidence of scattering in the heavier nuclei. The 
values of B. as obtained from the plot are 94 1.5 Mev for lithiu, 
19, 1.5 Mev for carbon and approximately 19 Mev for oxygen. The oxygen 
plot suffers from being the result of two different collimations of the 
proton counter end in not being normalized. The uncertainty of +1.5 
Mev on the lithium and carbon results were obtained from the extreme 
slopes which could be fitted to the data. It should be noted that the 
1/e values obtained for these two elements are much more definitely 
fixed by this experiment than in previous works. However, the values 


obtained are in the neighborhood of those previously obtained for other 
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Figure 12 


Fit of Experimental Data for Lithium, Carbon and Oxygen to Theoretical 
Curve Shane 


coincidences 2 . 
This ig a plot of - oe versus ein“ which should be a straight 


line within the errors cf the exoriment if the exoerimental results 
fit the theory. 
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light. element s**, 

The reason for the apparent rise in the carbon and oxygen 
curves for small is not clear, If it is not due to experimental 
causes, and if a more exact theory of the curve shapee should leave 
it unexplained, then the possibility exists that it is caused by nuclear 
shell effecte. 

Future work should undertake the examination of more nuclei 
(especially the heavier onss) and the extension of the observations 
over wider angles from ths santer of the distributions. With data 
from observations at larger angles from the ridpoint of the distribution 
at may be possible to subtract off the scattered neutron backsround and 
hence obtain curves which may better fit the theory ef Appendix I. 
Modification and improvement of the theory to include euch effects az 


the seattered neutron background shovic be attempted. 
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appendix I 

& Crude Theory of the heutron-Froton Coincicéence Curve Shapes 

(Developed by Dr. a. wattenbers) 
assure romentum is that of a grcund state of ar harnoric 
eiscattavore potential; them fer the @roten 

P(p)= Ne~ A SBtBe 
P. e 2 pe* 
wnere iV is a nornalizing constant 


The density in romentum space is 


PCP) PP) deed ps dpp = W te PEER PSY, 4, sn. (i 


Similarly for the neutron rorcentur censity 
rgait 


x a - letiy*7e 
p ei do, =Ne 92 dando y,des 
the rmonerntur ae 2 of the pair of particles is 


o Petarape rises JegdPy day dpeye @) 


assuring Pe= qe 
Be” eras GQ. pee 
Pa = Pet Lx Des Pe Ye 


Py = py t2y Qy= Py-4y 
Pz Pata Qa= P2-Je 


. +Q _ Py-@ 
Pas er zr 


men Ppt+Qy = pe4 2pm eette + PE Zee tx HEF 
=CP x + VA cn 


. . £ 
os Pet Ig = F+Qs 





73 


dp Jay = J(#&) ap, dQ, 
J. = =e) (54 )- (FE) (38) 
= I(2)¢2)-G@)(#)] = ¢ 


Thus (2) oecores 


: PetQet PQ 4 tQe 
Pe a an J ded Fd Fedd.dbdd, 
_Beepne ae 
or Mt Re ddd fe yds 


ee 14 Pe 





N 





7 NP ar a] Ppt Py + e 
i = le P, df, dPydP, (3) 





Use cylindrical coordinates 


mat RR Py Ff, A 
If dP df= fz nan <= aE ; 
Poe ~~ 

ten 6= >> er 0<0< 


Approximations 8 <<] K > is then R= K6 
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(3) becomes p2 
i _ = 
e PR 21rRdRe & dP, (+) 
RdR= k*Od0 
awal (4) becomes i 
: K*b od ea 
otrK7e PR od6/ e ® dP. 





2 ~ Ke 92 
Or 2aTrk°RyVTr e PR edé 
Hence, the apvroximate three-dirensional curve shape is 
K* ,2 
= “p20 


é Od 6 o<a<c et 


An exact three-dimensional curve shape has been derived 


in the following form: 


2 
‘ - $6 sind 
oar P, [B+ kes O] sine” Bg 
0<exZ 
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